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Abstract--Aerosol elemental carbon measurements were taken at two rural sites in southwestern 
Pennsylvania during August 1983. Carbon, though a small part of the aerosol mass at both sites, was a 
leading constituent of the aerosol on an atom basis. Time-weighted average concentrations at Allegheny 
Mountain and Laurel Hill were 1.2 and 1.4 #g m-3, respectively. Absolute Principal Component Analysis 
followed by multiple regression and Chemical Mass Balance techniques were utilized to apportion the 
measured elemental carbon to its sources. Motor vehicles were estimated to be the largest source of 
elemental carbon at the two sites, contributing 41-68% and 34-56% at Allegheny Mountain and Laurel 
Hill, respectively. 
Key word index: Atmospheric aerosol, elemental carbon, lead, source apportionment, chemical mass 
balance, principal component analysis. 
INTRODUCTION 
While elemental carbon (EC), or black carbon, is a 
ubiquitous component  of atmospheric aerosols, it has 
only recently become the focus of scientific studies. 
Because of its role in atmospheric light absorption and 
other environmental  issues, it is important  to deter- 
mine the sources of EC in the atmosphere. 
As a product of combustion, EC is found not only in 
urban air (Pierson and Russell, 1979; Groblicki  et al., 
1981; Wolff et al., 1982, 1983; Cass et al., 1984; Gray et 
al., 1984; Pratsinis et al., 1984), but also in rural 
airsheds (Ferman et al., 1981; Japar  et al., 1986) and in 
such remote areas as over tropical oceans (Goldberg, 
1963; Andreae et al., 1984; Clarke et al., 1984b) and in 
the Arctic (Rahn and McCaffrey, 1980; Clarke et al., 
1984a). There have been a number of studies aimed at 
identifying the sources of EC in atmospheric aerosols, 
but they have been carried out primarily in urban 
areas (Groblicki et al., 1981; Wolff et al., 1982; Wolff 
and Korsog, 1985; Pratsinis et al., 1988). In two studies 
in which source identification was attempted, motor  
vehicles were found to account for 47 and 93% of the 
measured aerosol EC (Wolff et al., 1985; Pratsinis et 
al., 1988). 
Given these results and the relative lack of data 
from rural areas, we included aerosol EC analysis 
(Japar et al., 1986) in an extensive field experiment in 
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rural Pennsylvania in 1983 (Pierson et al., 1987, 1989; 
Vossler et al., 1989). This paper details our investiga- 
tion of the source apport ionment  of the aerosol EC 
measured in that study. 
EXPERIMENTAL 
Sample collection 
Samples were collected during 5-28 August 1983 on 
abandoned radio towers atop Allegheny Mountain (elev- 
ation 838 m) and Laurel Hill (elevation 850 m) in south- 
western Pennsylvania (Fig. 1). The sites are 35.5 km apart. 
Both sites are heavily forested and experience no local vehicle 
traffic. The samples were taken 4-5 m above the top of the 
forest canopies (17-21 m above the ground). 
For the carbon analysis, pre-fired (600°C, air/overnight) 
Pallflex QAO quartz-fiber filters (8" × 10") were employed for 
sample collection using high volume samplers operated at 
flow rates of 1.1-1.4 m 3 rain-1 using a cyclone with an inlet 
having a 50% cut-point at 5.5 #m. Samples were generally 
collected twice a day, from about 10 a.m. (EDT) to 5 p.m., and 
from 9 p.m. to 7 a.m. the next morning. After each run the 
front filters were removed and placed in styrofoam trays, 
covered with aluminium foil and stored at room temperature 
before analysis. 
Carbon analysis 
The analytical procedures have been described in detail 
(Japar et al., 1986). Sections of the loaded filters, with 
appropriate blanks, were analyzed by a thermal--optical 
method (Huntzicker et al., 1982; Johnson et al., 1981). The 
stated analytical precisions were 0.81, 0.47 and 0.96 #g era-2 
for organic, elemental, and total carbon, respectively. The 
overall accuracy for total carbon was better than 10%. 
Subsequent to these analyses, a field comparison of ana- 
lytical methods for elemental (and organic) carbon was 
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Fig, 1. Map of southwestern Pennsylvania, showing the locations of the sampling sites, 
urban areas and industrial centers, and coal-burning power plants. 
carried out in Glendora, California, in September 1986, The 
results of that study (Countess, 1987) indicate the possibility 
that the elemental carbon concentrations reported for the 
1983 experiment may be as much as 25% higher than EC 
measured by other methods. In the thermal-optical method 
(here, using reflectance as in Huntzicker et al., 1982, or 
Johnson et al., 1981), an optical offset is applied to account 
for the EC produced by charring of organic carbon in the 
early part of the sample analysis procedure. The results 
obtained by one (though not both) of the two source- 
apportionment procedures employed below could be signific- 
antly affected, as will be described. The potential problem is 
much less in the 1983 Allegheny/Laurel samples than in the 
1986 Glendora samples, however, since the uncorrected 
elemental fraction of the total carbon is much higher in the 
Allegheny/Laurel case (~0.4) than in the Glendora case. 
Other analyses 
Trace element concentrations, which must be known in 
order to perform the carbon source apportionment, were 
determined for 47 elements on dichotomous sampler filters at 
each site using X-ray fluorescence (XRF) and instrumental 
neutron activation analysis (INAA) for both fine (< 2.5/an) 
and coarse (2.5-10/an) particles. Details of the sampling and 
analyses of the other pertinent atmospheric constituents 
appear in our discussion of the atmospheric acidity at 
Allegheny Mountain (Pierson et al., 1989). 
SOURCE APPORTIONMENT METHODS 
One of the major goals of the 1983 Allegheny- 
Laurel experiment was to relate the measured aerosol 
elemental carbon, and other species, to their sources 
(Keeler, 1987). It soon became clear that a single 
modeling approach would not help us achieve that 
goal, owing primarily to the large and complex source 
regions just upwind of the measurement sites. There- 
fore, several receptor modeling approaches have been 
utilized in this study and the results of each will be 
discussed and compared in this paper as they relate to 
the apportionment of elemental carbon. A recent book 
on receptor modeling (Hopke, 1985), as well as a 
number of journal review articles, other books, and 
conference proceedings (Cooper and Watson, 1980; 
Gordon, 1980, 1988; Henry et  al., 1984; Hopke and 
Dattner, 1982; Macias and Hopke, 1981; Pace, 1986; 
Stevens and Pace, 1984; Watson, 1981, 1989), can be 
consulted for more details on the source apportion- 
ment techniques discussed below. More details on the 
application of these techniques to the present data set 
are given in Keeler (1987). 
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Absolute Principal Component Analysis (APCA) 
was first utilized to apportion the aerosol elemental car- 
bon measured at the two sites. This technique involves 
performing Principal Component Analysis (PCA) fol- 
lowed by multiple linear regression on the absolute 
principal component scores (Thurston, 1983). Other 
applications of PCA applied to air pollution and 
meteorological data can be found in the literature 
(Henry and Hidy, 1979, 1982; Thurston and Spengler, 
1985a,b; Wolffet al., 1984). In using PCA, one assumes 
that the measured concentration of each element on 
each filter is the sum of the elemental contributions 
from each of a finite number of source components. 
The calculated correlation between the principal com- 
ponents and the elemental species is used to identify 
the source types associated with each component. It 
was found that identification of the components was 
facilitated by transforming the components using a 
varimax rotation (Harmon, 1976). Mass contributions 
can then be estimated for each of the identified princi- 
pal components by regressing the mass on the abso- 
lute scores of the principal components (Thurston, 
1983; Thurston and Spengler, 1985a). This procedure 
was also performed to apportion the elemental carbon 
and other individual species of interest. 
The Chemical Mass Balance (CMB) method, also 
referred to as the Chemical Element Balance (CEB) 
method, was also utilized in this study to apportion 
the elemental carbon. The method was first utilized by 
Miller et al. (1972) and Friedlander (1973), and has 
been applied to eastern U.S. regional-scale source 
apportionment by Rahn and Lowenthal (1985). A 
discussion of the CMB method is given in recent 
review articles (Gordon, 1986, 1988; Javitz et al., 1988; 
Watson et al., 1984). The CMB model is currently 
recommended by the EPA for PMt0 source assess- 
ment (Pace and Watson, 1987). 
RESULTS 
Chemical composition of the rural atmosphere 
Time-weighted average concentrations of the air- 
borne species important to understanding the atmo- 
spheric chemistry at the two sites are presented in 
Table 1. These results are discussed in detail elsewhere 
(Pierson et al., 1987, 1989). In summary, the ambient 
acidity is evident in the HNO3(g) and in the larger 
amounts of aerosol H ÷, the lack of NHa(g ), and the 
potential acid represented by the SO2. The lack of 
NHa(g) is consistent with the pronounced aerosol 
acidity, as is the lack of aerosol NO~ (most of the 
inorganic nitrate is present as HNOa (g)) or of aerosol 
C1. Carbon, though a small part of the aerosol mass at 
both sites, was a very substantial portion of the 
aerosol chemical composition on an atom basis. The 
aerosol mass not recorded in Table 1 was probably 
water; at the 50% r.h. of the weighing room, an 
aqueous H2SO4 solution in vapor pressure equilib- 
rium with the air is 43.1% H2SO4 by mass (Stokes and 
Robinson, 1948). The vapor pressure lowering by 
(NH4)2SO 4 or NH4HSO 4 is only slightly less than 
that by H2SOa. The water estimated by this means 
would account for 71% of the unrecorded mass at 
Allegheny and 96% at Laurel. 
Principal Component Analysis results 
Particulate fine fraction analysis--Allegheny Moun- 
tain. Varimax rotated PCA was applied to the fine 
Table 1. Time-averaged atmospheric concentrations during the 1983 
Allegheny Mountain-Laurel Hill Experiment 
Allegheny Mountain Laurel Hill 
Parameter (nmole m- 3) (jug m- 3) (nmole m- 3) ~g m- 3) 
SO 2 409 26 490 31 
O a 2178 105 
NO 11 0.3 66* 2.0* 
NO2 + PAN 220 316" 
PAN 46t 6t - -  
HNO a 71 4.5 85 5.3 
Aerosol mass 64~§ 59:~11 
H ÷ 193 0.2 216 0.2 
NH~ 173 3.1 171 3.1 
NO 3 8 0.5 10 0.6 
SO~- 195 18.7 206 19.8 
Other S 15¶ 0.5¶ 21¶ 0.7¶ 
CI 3 0.1 2 0.08 
C elemental 102 1.2 116 1.4 
C organic 169 2.0 188 2.3 
* Laurel NOx data are questionable. 
t PAN GC/ECD data available only for last half of experiment. 
:~ Mass in weighing room at 20°C and 50% r.h. 
§ 76% of mass was fine (MMD < 2.5 ttm). 
II 78 % of mass was fine (MMD < 2.5/~m). 
¶ Total particulate S (by combustion) minus SO~-. 
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fraction (<  2.5/am) particle data collected at the Al- 
legheny Mountain site, and the results are shown in 
Table 2. In addition to the elemental data, SO 2-  , H +, 
NH2,  and EC data were also utilized in the fine 
fraction analysis. 
The six principal components shown in Table 2 
account for 86% of the total variance in the data with 
27% accounted for by the first component. This first 
component (PC1) evidently is the crustal or soil 
component since it has high loadings for Si, K, Ca, Ti 
and Fe. Moderate loadings for Zn and Se suggest that 
PC1 includes another source impact in addition to the 
soil source. Evidence for an additional local source 
impact is inferred from the significant correlation of 
SOz(g ) with this component (PC1) and the finding 
that both PC 1 and SO2 (g) were highly correlated with 
the soil component calculated from the coarse fraction 
(>  2.5/am) particle data. 
The second component (PC2) appears to represent 
coal combustion products, with high loadings for 
SO 2- ,  H +, and Se and moderate loadings for NH~', 
AI, Mn, Zn and As. Selenium has been used to identify 
coal source impacts in past studies (Hopke et al., 1976; 
Spengler and Thurston, 1984; Stevens et al., 1984; 
Wolff and Korsog, 1985) because coal combustion is 
the primary anthropogenic source of atmospheric Se 
(NAS, 1980). 
PC2 is also highly loaded with species which could 
represent emissions from motor vehicles, i.e. Br, EC 
and Pb. While Br and Pb have been measured in coal- 
fired power plant emissions (Sheffield and Gordon, 
1986), these elements are not highly enriched com- 
pared to species such as Se in these emissions. Source 
sampling has shown coal-fired power plants to be an 
insignificant source of EC in the atmosphere relative 
to diesel engine emissions, wood burning, and other 
sources (Olmez et al., 1988). Analysis of coal fly-ash 
revealed that EC constituted only 0.3% of the total 
mass of the ash (Fisher et al., 1979). Wolffet al. (1981) 
determined that coal combustion sources contributed 
at most 1% of the measured EC in Denver. A difficulty 
with the foregoing analysis is that the Pb variance on 
the putative coal/auto component PC2 is not large 
(0.46, Table 2) and, moreover, is not comparable to the 
much more reasonable value for Br (0.83). The only 
way that we could explain this would be to suppose 
another Pb source (which we have no evidence for) at 
Allegheny. 
The smearing of multiple source types onto a single 
component was also found in analysis of data taken at 
three sites in the Ohio River Valley and at a site in the 
Shenandoah Valley (Tuncel, 1986). In fact, the com- 
ponents identified by Tuncel as being motor vehicle 
factors were always found to have moderate to high 
loadings of elements not usually associated with mo- 
tor vehicles, such as Sb, Zn, As, and even Se. It appears 
that PCA may be unable to separate certain source 
types in a complex source area. It is also possible that 
other factors, such as meteorology, may force a cor- 
relation between motor vehicle tracers and tracers of 
other strong source types influencing the measure- 
ment sites. For  example, Sexton et al. (1985) suggested 
that low night-time wind speeds enhanced the buildup 
of local emissions at their Waterbury, VT, site and 
caused high loadings of motor vehicle tracers (Br and 
Pb) and wood burning tracers (K and Ca) on the same 
component. Meteorological factors, such as wind dir- 
ection and ambient humidity (Keeler et al., 1988), may 
Table 2. Factor Ioadings from varimax-rotated principal component analysis of 
Allegheny Mountain fine fraction data 
PCI PC2 PC3 PC4 PC5 PC6 
AI 0.73 0.35 -0.19 -0.05 0.24 0.34 
Si 0.87 0.31 -0.07 0.05 0.09 0.17 
K 0.92 0.16 0.14 0.10 0.06 0.09 
Ca 0.92 0.18 -0.02 - 0.08 - 0.12 0.09 
Ti 0.80 0.00 0.11 -0.17 0.31 -0.10 
V -0.31 0.11 0.14 0.82 -0.05 -0.10 
Mn 0.37 0.38 0.07 -0.03 0.75 0.17 
Fe 0.82 0.14 0.12 0.25 0.38 0.11 
Co 0.29 0.03 -0.05 0.85 0.21 0.13 
Cu -0.06 0.06 0.87 0.06 0.03 -0.08 
Zn 0.41 0.33 0.47 0.26 0.38 0.31 
As 0.10 0.28 0.75 -0.06 0.07 0.41 
Se 0.39 0.73 0.11 -0.16 0.37 0.01 
Br 0.20 0.83 0.25 0.09 -0.25 0.15 
Pb 0.17 0.46 0.49 0.38 0.44 0.18 
SO4 z- 0.19 0.79 0.09 0.07 0.25 0.48 
H + 0.11 0.88 0.01 0.07 0.26 0.21 
NH~ 0.25 0.44 0.24 0.17 0.15 0.74 
EC 0.22 0.85 0.14 0.13 0.11 -0.00 
Eigenvalue 5.2 4.4 2.0 1.8 1.6 1.4 
Cumulative % of 
variance 27 51 61 71 79 86 
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also have contributed to the apparent smearing of the 
coal combustion and motor vehicle sources onto the 
same factor in this study. 
The third component (PC3) appears to represent an 
incineration source, with high loadings for Cu and As 
and moderate loadings for Zn and Pb. Ag, In and Sb 
were all found to be significantly correlated to this 
component, and these elements are said to be good 
tracers for municipal incinerators (Sheffield and Gor- 
don, 1986). 
The fourth component (PC4) represents fuel oil 
combustion with high loadings for V and Co, and a 
moderate loading for Pb. Ni, which was removed from 
the PCA analysis because of a large number of zero 
values determined from the XRF analysis, was also 
correlated with this component. The loading of Co on 
this component was at first surprising, as Co is not 
generally considered a highly enriched species in oil 
combustion emissions (Sheffield and Gordon, 1986). 
However, it was recently reported that oil combustion 
is a major source of Co in Philadelphia (Dzubay et al., 
1988). The high PC4 component scores at Allegheny 
and Laurel were generally associated with flow 
around the back side of a high pressure area which 
resulted in a looping flow pattern from the southeast 
and northeast, depending upon the location of the 
high pressure center relative to the sites. The largest V 
concentrations at both sites were observed when air 
flow was from the southeast, specifically from the 
direction of Cumberland, Maryland. 
A high loading for Mn and moderate loadings for 
Ti, Fe, Zn, Se and Pb suggest that the fifth component 
(PC5) represents an iron-steel source. Iron and steel 
production is one of the most important industrial 
source types in western Pennsylvania and in the 
Midwest (Tuneel, 1986; Wolff et al., 1984). The last 
component (PC6) most likely represents a smelter/in- 
dustrial source with moderate loadings for A1, Zn, As, 
and SO~-, and a high loading for NH2.  We can only 
presume that the high loading for NH2 results from 
atmospheric reaction of NH3(g ) with the PC6 emis- 
sions, since it is hard to imagine NH2 emitted from 
such a source. This factor explained the least amount 
of variance in the data set. Although the retention of 
PC6 is marginal since its eigenvalue is only 1.4 (Table 
2), discarding it does slightly affect the other 
.components; hence its retention. 
Particulate fine fraction analysis--Laurel Hill. The 
result of applying varimax rotated PCA on the Laurel 
Hill fine fraction particle data is given in Table 3. The 
six-component solution is seen to account for 88% of 
the total variance. The first component (PC1) is the 
soil component, as is often the case in PCA of ele- 
mental species. High loadings are again seen for A1, Si, 
K, Ca and Ti. Moderate loadings are also seen for fine 
Mn, Fe, Cu, Zn and Se, which, except for Fe, are most 
likely pollution-derived elements. This component 
may represent resuspended dust or local source im- 
pacts in addition to the soil impacts. This was also 
observed at Allegheny with SO2 being significantly 
correlated with the soil component. 
The coal combustion component (PC2) was the 
second most important component, explaining ap- 
proximately 25 % of the total variance. PC2 is found to 
have high loadings of Se, SO~-, H ÷ and EC, and 
moderate loadings of Mn, Zn, As, Br and NH2,  Pb is 
weakly loaded on this component, and both Pb and Br 
are seen to have smaller loadings on the Laurel coal 
combustion component than on the Allegheny coal 
combustion component. The EC loading at Laurel is 
Table 3. Factor loadings from varimax-rotated principal component analysis of 
Laurel Hill fine fraction data 
PC1 PC2 PC3 PC4 PC5 PC6 
AI 0.83 0.35 0.03 0.04 0.19 0.13 
Si 0.79 0.39 -0.08 0.06 0.29 0.13 
K 0.79 0.01 0.25 -0.04 0.28 0.17 
Ca 0.88 0.14 0.10 -0.10 0.17 0.16 
Ti 0.70 0.14 0.24 -0.21 -0.13 -0.06 
V 0.01 0.01 -0.10 0.91 -0.02 -0.17 
Mn 0.51 0.41 0.35 -0.14 0.11 0.13 
Fe 0.32 0.23 0.08 0.09 0.06 0.84 
Co -0.01 --0.01 0.23 0.82 -0.06 0.38 
Cu 0.32 --0.01 0.14 -0.09 0.82 0.02 
Zn 0.50 0.37 0.61 0.03 0.35 0.03 
As -0.00 0.35 0.59 -0.20 0.50 0.33 
Se 0.49 0.67 0.20 -0.17 -0.02 0.18 
Br 0.32 0.39 0.66 0.29 0.08 0.12 
Pb 0.29 0.28 0.83 0.12 0.25 0.02 
SOa z- 0.24 0.96 0.14 0.07 0.25 0.01 
H ÷ 0.10 0.96 0.16 -0.02 -0.03 0.11 
NH2 0.22 0.58 0.34 0.54 0.15 -0.02 
EC 0.20 0.86 0.15 0.10 0.03 0.16 
Eigenvalue 4.8 4.7 2.5 2.0 1.6 1.2 
Cumulative % of 
variance 25 50 63 74 82 88 
2800 G.J. KEELER et al. 
seen to be very close to that at Allegheny. While the 
coal-related elemental loadings were similar for Al- 
legheny and Laurel, the motor vehicle loadings were 
not. This indicates a difference in motor vehicle im- 
pacts at the two sites. This difference is also apparent 
in the continuous measurements of NO, NO2, 03,  
and condensation nuclei count (CNC) at the sites 
(Pierson et al., 1989). 
The third component (PC3) appears to represent a 
smelter/industrial component. PC3 is highly loaded 
with Pb, and moderately loaded with Mn, Zn, As, Br 
and NH2.  The loadings of Pb and Br suggest a motor 
vehicle influence but the loading of EC was fairly small 
on this component. 
The interpretation of the fourth component (PC4) is 
straightforward since it has high loadings for V and 
Co. This component represents oil combustion. The 
high loading of Co was also observed in the Allegheny 
fine fraction analysis, which suggests that the associ- 
ation of V and Co is a real source influence. The CMB 
analysis of the fine fraction data also indicated that a 
large fraction of the observed fine Co was from oil 
combustion sources. 
The fifth component (PCS) is seen to be highly 
loaded with Cu and moderately loaded with Zn, As, 
and NH2.  This component appears to represent a 
copper/incineration component. The sixth component 
(PC6) was found to have a high loading for Fe and 
moderate loadings for Co and As. This component 
appears to represent iron-stcel sources influencing the 
site. The loading of Fe on this component is much 
higher than that found on the soil component. This 
was not observed in the Allegheny fine PCA. The time- 
weighted-average coarse Fe concentrations were vir- 
tually identical at the two sites, but the time-weighted- 
average fine Fe concentration at Laurel was approx- 
imately 25% higher than at Allegheny. This may 
indicate that the PCA result reflects a real difference in 
source impacts between the two sites. 
A difficulty with the foregoing analysis is that the 
component with the largest variance for Br and Pb 
(PC3, variances 0.66 and 0.83, respectively; see Table 
3) is not the one that is supposed to contain the 
automotive component (PC2). Moreover, EC, which 
below will be ascribed largely to automotive sources, 
is loaded mostly on a component different from that 
on which Br and Pb are mostly loaded. We cannot 
offer an explanation. 
PCA source apportionment of  elemental carbon. The 
contributions from each source component to the 
observed concentration of EC at Allegheny and 
Laurel are given in Tables 4 and 5. Dashes in these 
tables indicate statistically insignificant (~t~>0.1) re- 
gression coefficients for that species and component. 
The sources which have no entry for EC were found to 
have insignificant regression coefficients for that 
source. 
The largest contributor 1o the EC concentra- 
tion measured at Allegheny was PC2, the coal com- 
bustion/motor vehicle component. Approximately 
50% of the observed EC was accounted for by this 
component. However, since this is a dual-source com- 
ponent, the question is how much of the EC can be 
attributed to each of the two sources on this compon- 
ent. As was discussed above, coal combustion is not 
expected to be a major source of EC (or Pb and Br) in 
the atmosphere. One can make an estimate of the EC 
contribution from coal-fired power plants by utilizing 
the knowledge (based on source profile measurements) 
that between 0.15% and 0.89% of the fine particle 
mass emitted from coal-fired power plants is EC 
(Fisher et al., 1979; Olmez et al., 1988). Normalizing 
Table 4. PCA-derived fine-particle and HNOa concentrations associated with each source component at 
Allegheny Mountain 
Units PC1 PC2 PC3 PC4 PC5 PC6 
Soil Coal Incin. Oil Steel Smelter Observed 
Br ng m -3 0.70 2.21 0.72 - -  0.13 0.03 4.2 
Pb ng m- a 4.08 7.76 8.29 4.23 - -  0.26 34.5 
HNO3(g ) neq m- a 31 34 - -  - -  - -  2.0 77 
NO~ neq m- 3 __ 2 - -  1.0 1.0 - -  7.3 
EC #g m -3 0.21 0.60 0.10 0.06 - -  0.01 1.2 
Table 5. PCA-derived fine-particle and HNOa concentrations associated with each source component at 
Laurel Hill 
Units PC1 PC2 PC3 PC4 PC5 PC6 
Soil Coal Smelter Oil Incin. Steel  Observed 
Br ng m -a 0.79 0.51 1.65 0.45 - -  - -  4.41 
Pb ng m- a 6.35 3.08 20.2 1.84 - -  - -  41.1 
HNOa(g ) neq m -a 21 31 . . . .  85 
NO3 neq m- a __ 2 3 - -  1.0 - -  10 
EC #g m -3 0.20 0.56 0.15 0.06 0.02 0.09 1.36 
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this estimate to the AI content of coal emissions results 
in a EC/A1 ratio of 0.021. Multiplying this ratio by the 
fine A1 concentration estimated for the coal-fired 
power plant component gives an estimate of 
0.32 ngm -3 of EC, which is less than 0.15% of the 
total EC attributed to the coal combustion/motor 
vehicle component. Even if we assume that all of the 
measured fine A1 was from coal-fired power plants 
then the EC contribution from coal would be only 
0.60% of the observed EC at Allegheny. It thus 
appears that coal-fired power plants can be considered 
a negligible contributor to the observed EC at Allegh- 
eny Mountain. The Deep Creek Lake results reported 
by Gordon et al. (1989) support this argument as they 
found negligible EC on their regional sulfate compon- 
ent and most of the explained EC on the motor vehicle 
component. Their success in splitting the motor ve- 
hicle and transported coal combustion sources in the 
Deep Creek analysis is probably due to the larger 
number of samples (103) which should provide a more 
robust solution. 
An indicator of motor vehicle source influence is the 
Br/Pb ratio. Values in the range 0.25-0.35 are com- 
mon in areas influenced by motor vehicle emissions 
(Harrison and Sturges, 1983; Pierson and Brachaczek, 
1983). In this work, the mean Br/Pb ratio calculated 
for this component (PC2) was 0.29. This ratio is also 
similar to the Br/Pb ratio of about 0.34 found for 
Pasadena (Los Angeles Basin) by Hammerle and 
Pierson (1975), the value of 0.26 reported by Thurston 
(1983) for Watertown, MA, and the value of 0.30 
estimated by Wolff and Korsog (1985) for Detroit. It 
thus appears likely that component PC2 includes 
motor vehicle emissions in addition to the coal com- 
bustion source influence. 
If all of the EC estimates for PC2 is assigned to 
motor vehicles, then 0.60 #g m -  3 or 50% of the total 
EC measured was due to motor vehicles. Approxim- 
ately 18% of the EC was attributed to the soil/local 
source impacts component. This component also ap- 
pears to have a motor vehicle contribution with 
significant amounts of Pb, Br and EC associated with 
it. The mean Br/Pb ratio calculated for this compon- 
ent was 0.17. Although this was lower than the auto- 
motive range suggested above, the relatively high 
volatility of Br may be responsible. An upper limit for 
the motor vehicle contribution of EC can be calcu- 
lated by assuming that all of the EC on the first two 
components was of motor vehicle origin. This results 
in an estimate of <0.81/~gm -3 or <67.5% of the 
measured EC at Allegheny Mountain. The oil com- 
bustion source (PC4) contributed 6% of the measured 
EC and the incineration component (PC3) contrib- 
uted 8%. 
The coal/motor vehicle component accounted for 
about 0.56/~gm -3 or 41% of the EC measured at 
Laurel Hill, on the average. The soil/local source 
component accounted for about 15% of the EC, 
similar to the soil/local source contribution found at 
Allegheny. Adding the EC contributions of the first 
two source components at Laurel gives an upper limit 
of 0.76 #gm -3 or 56% for the EC attributable to 
motor vehicles. The oil combustion source (PC4) 
contributed 5% of the measured EC at Laurel and the 
incineration component (PC5) contributed < 2%. The 
smelter/industrial source component (PC3) accounted 
for about 10% of the measured EC and the iron-steel 
source (PC6) contributed about 7%. Approximately 
20% of the EC measured at Laurel could not be 
attributed to any source type. A potential source of 
some of the unexplained EC could be aircraft, as the 
Pittsburgh airport is located about 80 km northwest 
of the Laurel site. Wolff et al. (1981) estimated that 
about 6% of the EC measured in Denver was from 
aircraft emissions. Brush fires were observed near 
Allegheny Mountain during several sampling runs, 
though it is not clear that the fires had any effect on the 
levels of EC measured. 
PCA source apportionment of  other atmospheric 
species. The regression of individual fine fraction 
aerosol species on the absolute principal component 
scores, calculated from the rotated PCA, results in 
estimates of source contribution to each species from 
each identified source type. Estimated study-average 
species concentrations associated with each of the 
components are also given in Tables 4 and 5. Not all of 
the measured species are given in the tables, but only 
those species that are important to understanding the 
sources of the EC. 
Chemical Mass Balance results 
Source profiles. Source components were obtained 
from the source-composition library developed at the 
University of Maryland (Sheffield and Gordon, 1986) 
and were documented by Tuncel (1986). The 11 source 
components utilized in this CMB analysis were 
coal-fired power plants (Coal), oil-fired power plants 
(Oil), refuse incineration (Incin), soil, marine (MAR), 
refineries (Refin), motor vehicles (MV), iron-steel 
plants (Steel), copper plant (CU), cement plants (Cem), 
and a transported coal combustion related compon- 
ent (Tran). These 11 source types were selected after 
examination of the most important source types in the 
Ohio River Valley/Midwest Region. The sources 
were also selected to avoid the serious problem of 
multicollinearities in the mathematical fitting proced- 
ure, discussed by Thurston and Laird (1984). All of the 
source components utilized were from the Maryland 
library except the motor vehicle and soil components, 
which were obtained from Pierson and Brachaczek 
(1983) and were adjusted to reflect the Pb content of 
gasoline at the time of the 1983 experiment. The 
normalized source profiles for each of the 11 sources 
used in this study are documented in Keeler 
(1987). The number of elements used in the fitting 
procedure varied from 12 to 16 out of a total of 40, and 
resulted in solutions which were insensitive to the 
number of fitted elements used. The average fraction 
of each species in each source relative to the observed 
concentration of that species was determined. Only 
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those elements that are crucial to the understanding of 
the sources of EC will be discussed below. 
C M B source apportionment of  fine-particle elemental 
carbon. Estimating the EC contributions of all 11 
source types could not be done directly using the 
CMB methodology owing to the lack of EC data in 
most of the profiles. Source sampling studies have not 
routinely incorporated EC measurements in the past. 
However, motor vehicle emissions have been exten- 
sively studied, and carbon emissions from motor 
vehicles have been well characterized (see references in 
Pierson and Brachaczek, 1983). 
The amount of EC attributable to motor vehicles 
was determined using the estimated motor-vehicle- 
derived Pb. The composite motor vehicle source pro- 
file for fine-particle emissions was calculated using an 
approach similar to that used for Los Angeles (Cass 
and McRae, 1983). The 1983 summer average Pb 
content for gasoline in District 4, which includes 
western Pennsylvania, was estimated to be 
0.47 g Pb/gallon of gasoline, based upon the Pb con- 
tent of leaded gasoline in the area at the time (Shelton, 
1984) and the national figures for the leaded fraction of 
gasoline consumed in August 1983 (44.8%; Energy 
Information Administration, 1984). The composite 
motor vehicle fleet was determined to be a 6:1 gaso- 
line to diesel ratio in terms of highway fuel consump- 
tion in western Pennsylvania during the summer of 
1983 (U.S. Department of Transportation, 1983; Na- 
tional Petroleum News, 1984). Knowledge of the 
foregoing and use of appropriate fuel densities (Shel- 
ton, 1983, 1984) and airborne Pb and EC emission 
factors (Pierson and Brachaczek, 1976, 1983) resulted 
in a composite EC:Pb  ratio between 8:1 and 12:1 for 
the study period. 
The observed fine Pb concentrations at Allegheny 
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Fig. 2. CMB apportionment of fine-par- 
ticle Pb at Allegheny Mountain. The area 
shown in gray is the estimated motor- 
vehicle contribution. The area shown in 
black is the difference between the estim- 
ated motor-vehicle contribution and the 
observed fine Pb, i.e. the fine Pb not at- 
tributed to motor vehicles. 
trations from motor vehicles. The Pb estimated to be 
from motor vehicles is shown as the lighter shaded 
area with the difference between the observed fine Pb 
concentration and the predicted motor vehicle Pb 
shown in black. The black area thus represents the Pb 
concentration not attributed to motor vehicles. Motor 
vehicles accounted for approximately 86+ 7% of the 
observed fine Pb at Allegheny. The incineration, 
iron-steel, copper plant, and oil sources contributed 
approximately 7%, 4%, 2% and 2%, respectively, of 
the measured Pb at Allegheny, on the average. The 
motor-vehicle-derived EC concentration, based on the 
8:1-12:1 EC:Pb  source ratios above, would then be 
0.34-0.49 #g m-3 ,  or 28-41% of the measured EC at 
Allegheny Mountain. This range may represent a 
smaller portion of the EC than would be expected for 
the eastern U.S. Wolff et al. (1981) estimated that 
approximately 27% of the EC in Denver was emitted 
by motor vehicles, where wood burning was the 
largest contributor of EC at 39%. Watson et al. (1990) 
also reported wood burning 'and motor vehicles as 
comparable and major sources of EC in Denver in the 
winter of 1987-1988. Wolff and Korsog (1985), using 
the APCA technique, estimated that about 47% of the 
measured EC in Detroit was from motor vehicles. 
There are few estimates of the motor vehicle contribu- 
tion of EC measured in rural areas; therefore it is 
difficult to judge whether the CMB estimate is actually 
low for the Allegheny site. 
An estimate was also made for the motor vehicle 
contribution to measured fine Pb and EC at Laurel 
Hill. Motor  vehicles accounted for 8 7 + 7 %  of the 
measured Pb at Laurel Hill. The motor vehicle derived 
EC concentration would then be 0.27-0.46 #g m -  3, or 
20-34% of the measured EC at Laurel Hill. The 
absolute contributions of EC from motor vehicles at 
the two sites were quite similar, but the amount 
relative to the total EC observed was slightly lower at 
Laurel. 
Comparison of PCA and CMB source apportionment 
results for elemental carbon 
A comparison of the motor vehicle contributions to 
measured EC as determined by the PCA and CMB 
methods is shown in Table 6. While it is clear that 
agreement between sites for any one method is quite 
good, on the average the agreement between methods 
is much less so. However, the values in Table 6 
indicate that the two methods do agree to within the 
estimated uncertainties. Two confounding factors 
have been mentioned previously as the probable sour- 
ces of the uncertainty. In the PCA case, the com- 
mingling of the coal combustion and motor vehicle 
factors and the apparent split of EC between the soil 
component and the coal/motor vehicle component 
make definition of sources quite difficult. An addi- 
tional indeterminate uncertainty is also imparted on 
the PCA solution because of the use of the varimax 
rotation in the apportionment (Henry, 1986; Low- 
Sources of aerosol elemental carbon 
Table 6. Motor vehicle contribution to measured elemental carbon. Units are 
/.tg m -3 
Site PCA method CMB method 
PC2 PC 1 + PC2 
Allegheny Mtn. 0.60+0.21" 0.81+0.23" 0.34+0.03-0.49___0.03 
50%+18% 68%+16% 28+3%-41%+3% 
Laurel Hill 0.56+0.18' 0.76+0.20* 0.27+0.03-0.47+0.03 
41%+14% 56%+11% 20+3%-34+3% 
* Uncertainty is calculated from the standard errors of the regression coeffi- 
cients. 
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enthal and Rahn, 1987). In the C M B  case, the lack of 
source signatures containing EC forces a surrogate 
tracer approach with Pb as the motor  vehicle tracer. 
Since the Pb /EC ratio is only poorly defined for the 
area vehicle emissions, considerable uncertainties are 
introduced into the calculations. There is one last 
uncertainty which could affect the comparison be- 
tween PCA and C M B  results in Table 6, and that is 
possible analytical errors in the determination of EC 
described in the Experimental  section. If, in the limit, 
EC was overestimated by 25% in our  analysis, it 
would have no effect on the PCA results, but it would 
lower the absolute contribution of any source to the 
observed EC by about  30%. Correcting the observed 
concentrations, if appropriate,  would raise the relative 
C M B  motor  vehicle contributions to < 52% at Al- 
legheny Mounta in  and < 4 1 %  at Laurel Hill. Such a 
correction would bring the C M B  and PCA results into 
quite good agreement at both sites. 
CONCLUSIONS 
The source apport ionment  of elemental carbon 
(EC) in the fine aerosol fraction found at two rural 
Pennsylvania sites in August 1983 has been carried 
out. Results calculated using principal component  
analysis and chemical mass balance techniques were 
found to agree to within the estimated uncertainties. 
While the two methods agree that the motor  vehicle 
contribution is largest at both sites, the PCA approach 
gives consistently higher results on the average (about 
60% by PCA vs 30-40% by CMB). According to the 
PCA analyses, other  EC sources were oil combustion 
(5%) and incineration (5%). At Laurel Hill a smel- 
ter/industrial source (10%) and an iron/steel source 
(7%) were found to contribute. 
Potential  causes of uncertainty in the estimates by 
each approach were identified. In the PCA case, the 
tendency for sources to commingle on the same com- 
ponent made it impossible to define sources clearly, 
while in the case of C M B  the lack of good carbon 
signatures for the various probable sources required 
that we use the EC/Pb  ratios to define the motor  
vehicle contribution. The latter presented additional 
problems because the motor  vehicle EC/Pb  ratio was 
poorly defined. The C M B  approach is also fairly 
sensitive to analytical uncertainties in the analysis of 
either the tracer species- -Pb in this case - -o r  the EC 
analysis. For  example, there is a significant area of 
uncertainty in the split of the total carbon between EC 
and organic carbon (OC). In the event that some OC is 
routinely counted as EC, the CMB. apport ionment  of 
EC will not  be able to account for all the apparent EC; 
in fact, under such conditions the results will suggest 
that another EC source is important  at the two sites. 
Nevertheless, the agreement between the two source 
apport ionment  techniques was quite good. 
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